Cai, Liu, and Luo developed a vortex stability theory (J. of Fluid Mech., vol. 480, 2003, pp. 65-94) for slender conical bodies and predicted that vortices over a flat-plate delta wing at high angles of attack with zero sideslip were conical, symmetric, and stable but adding a low dorsal fin to the wing would destabilize the vortices and therefore render the originally symmetric vortices asymmetric. The wing is assumed slender so that no vortex breakdown occurs on the wing. An experimental study using a six-component internal strain-gage balance is conducted to verify the validity of the theoretical predictions and shows the force development versus angle of attack. A sharp-edged flat-plate delta wing of 82.5
and sideslip within ±10
• . The same tests are performed on an identical delta wing model but with a low dorsal fin mounted vertically in the incidence plane of the wing. Two fin heights are tested. The ratios of the local fin height to the local wing semi-span are 0.3 and 0.6. The measurement of the aerodynamic forces and moments clearly indicates that a force-asymmetry onset occurs over the wing-fin models at zero sideslip, providing for the first time force measurement evidence of the theoretical predictions and depicts that the force-asymmetry onset can be followed by a force-unsteadiness onset. 
I. Introduction
Symmetric separation vortices over slender bodies may become asymmetric as the angle of attack is increased beyond a certain value, causing asymmetric forces even at symmetric flight conditions. The transition of the vortex pattern from being symmetric to asymmetric over symmetric bodies under symmetric flow conditions is a fascinating fluid dynamics problem and of major importance for the performance and control of high-maneuverability flight vehicles that favor the use of slender bodies. Excellent reviews on this subject can be found in the papers by Ericsson, 1 and Lowson and Ponton. 2 Shanks 3 (1963) performed tests of a series of thin flat-plate delta wings having leading-edge sweep angles of 70 degrees to 84 degrees and found in the variation of the lateral three-components with angle of sideslip for various angles of attack, the curves for the 82 degrees and 84 degrees sweep wings became asymmetric about zero sideslip with increase in angle of attack. Shanks' experiment led to the belief that the vortex flow over a low aspect-ratio delta wing with sharp leading-edges, like the flow over slender pointed bodies of revolution, would become asymmetry at high angles of attack and zero sideslip before vortex breakdown occurs over the wing. (See, for example, Polhamus 4 and Keener and Chapman. 5 ) Later, Stahl, Mahmood, and Asghar
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(1992) performed water tunnel and wind tunnel experiments and concluded based on their flow visualization that the vortex flow over slender delta wings with sharp leading edges remained symmetric at all angles of attack until vortex breakdown occurred on the wing. That conclusion, which is now generally accepted, seemingly contradicted the observations by Shanks. Ericsson 1 (1992), however, noticed that Shanks' wing model differed from that by Stahl et al. in that Shanks' model contained a low center spline or 'fuselage bump' on the lee-side of the wing. Ericsson claimed that the vortex asymmetry observed in Shanks' experiment was not due to hydrodynamic instability but rather likely due to asymmetric re-attachment in the presence of the centerline spline.
Cai, Liu, and Luo 7 developed a vortex stability theory for slender conical bodies and showed by their analytical methods that vortices over a flat-plate delta wing at zero sideslip are conical, symmetric, and stable for all angles of attack but adding a low dorsal fin to the wing would destabilize the vortices and therefore render the originally symmetric vortices asymmetric, non-conical, and probably, unsteady. The forward half of the Shanks' models approximated conical bodies. By examining the data in Shanks test and comparing with their predicted range of fin heights needed to destabilize the vortex flow, Cai, et al. 7 suggested that the vortex asymmetries observed in Shanks experiments were caused by the destabilizing effect of the center spline, which functions as a low height dorsal fin on Shanks' flat-plate delta wings.
It may be argued that the 'bump' on Shanks' test model is not exactly a flat-plate fin as assumed in the theory by Cai et al. 7 Meng et al. 8 designed a strictly slender and conical flat-plate fins of different heights and added to a sharp-edged flat-plate delta wing and used a smoke-laser-sheet visualization technique to visualize and measure the positions of the vortex pair over the delta wing with and without fins at an angle of attack of 29.02 degrees and zero sideslip. The observation showed that the symmetric and conical vortex pair over the wing remains stationary when the dorsal is high, but becomes asymmetric, non-conical and unsteady for the wing with a low fin, which confirms the instability predictions of Ref. 7 .
It is obvious that if the dorsal fin added into the symmetry plane of a wing is high enough, the stationary symmetric vortex pair over the original wing will not change. But the change brought about by the fin of low height needs more careful investigation. The purpose of this work is to study the unusual change by measuring the six components of the aerodynamic force and moment acting on a slender flat-plate delta wing with low dorsal fins of different heights. Moreover, the visualization study of Ref. 8 was limited to an extremely small wind speed (Re = 2.99 × 10 5 ). In the force measurement study this restriction is removed. In the following sections, the stability theory of Ref. 7 is briefly reviewed and the theoretical results for the experimental cases are presented. The details of the experimental setup for the measurement of the forces and moments are described. The experimental results are then presented, analyzed and compared with the theoretical predictions. Lastly, conclusions are drawen.
II. Theoretical Method
In this section, a brief review of the theoretical vortex-flow model and the stability analysis method developed in Refs. 7 and 9 are presented. Consider the flow past a slender conical wing and dorsal fin combination at an angle of attack α and sideslip angle β as shown in Fig. 1 . The velocity of the free-stream flow is U ∞ . The planform of the wing has a half vertex angle of . The wing-fin combination is assumed to be conical and of infinite length. No effects of trailing edge are considered. At high angles of attack, there are vortices separated from the sharp leading edges of the wing. To study the stability of the vortex flow, the theoretical model used here is mainly that of Legendre. 10 The vortex model consists of one pair of concentrated vortices separated from the sharp leading edge of the wing as shown in Fig. 1 . The distributed vortex sheets that connect the leading edges and the two concentrated vortices are neglected since their strength is in general much smaller than that of the two concentrated vortices. The two concentrated vortices are assumed to be conical rays from the body apex. Secondary separation vortices separated from the wing surface and separated vortex from the leading edge of the fin, if any, are weak and thus also neglected. No vortex breakdown occurs on the wing. The flow is assumed to be steady, inviscid, incompressible, conical, and slender.
The inviscid incompressible flow considered in the above model is irrotational except at the lines of the isolated vortices. The governing equation for the velocity potential is the three-dimensional Laplace equation with zero normal flow velocity on smooth body surfaces, and Kutta conditions at sharp leading edges of the wing as boundary conditions. By means of the slender body theory and the conical flow assumption, the problem is reduced to a two-dimensional potential flow in the cross-flow plane. Only vortex configurations (locations and strengths of the vortices) that result in zero flow velocities at the two vortex centers can exist in a steady flow. These locations of the vortices are called the stationary positions.
When a vortex pair is slightly perturbed from their stationary positions and then released, its motion follows the vortex velocity. The increments of its coordinates as function of time are governed by a system of two linear homogeneous first-order ordinary differential equations. The eigenvalues λ 1 and λ 2 of the system depend on the Sychev similarity parameter K, 11 the sideslip similarity parameter K S , and the geometric parameter, h/s. Any perturbation of the stationary positions of the vortex pair can be decomposed into a symmetric perturbation and an anti-symmetric perturbation. The maximum real part of the two eigenvalues λ 1 and λ 2 for each vortex of the stationary vortex pair under small symmetric or anti-symmetric perturbations is used to determine stability in this analysis. A positive value of this variable means perturbation growth (unstable), a negative value means perturbation decay (stable), and a zero value means perturbation remain (neutrally stable). A vortex pair is stable if and only if both vortices are stable under both symmetric and anti-symmetric perturbations. Such an instability is known as absolute instability.
In the original analyses, the separation vortices are modeled by lines of zero diameter with concentrated vortex strength. (See Fig. 1 .) However, the real scenario is that the shear layer separated from the wing curves upward and inboard and eventually rolls up forming a core in which flow velocity and vorticity are high and pressure is low. Over a slender conical fore-body, the vortex core is roughly conical and has a diameter as large as one-third of the semi-span of a delta wing. The original theory in Ref. 7 is modified by Cai et al. 9 to account for the effects of the vortex cores. The jet-like flow in the vortex core and inflow at its outer edge are modeled based on numerical experiments by the Euler methods on slender conical bodies incorporated with known theoretical and experimental results on vortex cores. Using the Euler solutions as a benchmark, the modified model yields a better predictions in the vortex positions than the original, and a favorable shifts of the transition point of stability in K, as shown in Ref. 9 .
III. Theoretical Results
In the following experiments, a delta wing of a semi-vertex angle, = 7.5
• with and without a dorsal fin of a height, h = 0.3s or 0.6s in the symmetry plane of the wing is considered. The theoretical results for the three experimental models are calculated by the modified theory.
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It is obtained that there exists stationary symmetric vortex pair over the wing with and without dorsal fin considered at high angles of attack and zero sideslip. The stability of the stationary symmetric vortex pair under small symmetric and anti-symmetric perturbations is studied. Figure 2 presents the maximum real part of the two eigenvalues for the stability of the stationary symmetric vortex pair versus angle of attack at zero sideslip for a flat-plate delta wing with a semi-vertex angle, = 7.5
• . Fig. 3 presents the maximum real part of the two eigenvalues for the stability of the stationary symmetric vortex pair for the wing with a dorsal fin of heights, h = 0.3s and 0.6s at zero sideslip. For the case of wing alone, the stationary symmetric vortex pair is stable and the stability curves under symmetric and anti-symmetric perturbations coincide each other. For the two cases of wing-fin combination, the stability curves under symmetric perturbation remain the same as that of the wing alone as it should be, since the the fins are positioned in the symmetry plane of the wing and the perturbation is symmetric. Under anti-symmetric perturbation, the stability curves for the the two wing-fin cases deviate from that of the wing alone. The stationary symmetric vortex pair over the wing-fin combination is stable when the angle of attack is low and becomes unstable as the angle of attack is increased beyond certain value. The instability onset occurs at α = 33.57
• and 26.72
• for h = 0.3s and 0.6s, respectively. It is fantastic that a low dorsal fin has a destabilizing effect to the originally stable stationary symmetric vortex pair over a slender delta wing, in consideration of that the fin is seated in the symmetry plane of the wing and the sideslip angle is zero. The higher the dorsal fin is, the greater the destabilizing effect will be and, therefore, a lower angle of attack is required for the instability to occur for the higher fin case. The destabilizing effect is caused by the interaction between the vortex pair and the wing with low dorsal fin under small perturbations. Moreover, from Fig. 3 that the destabilizing effect of the low dorsal fin does not appear when the angle of attack is low and it occurs only after the angle of attack is increased beyond 20
• for the wing with a semi-vertex angle of 7.5
• . (In general, K > 2.765.) When α ≤ 20
• , no destabilizing effect of the low dorsal fin appears at all.
A corresponding calculations by the original theory 7 are also conducted, and similar results are obtained. The angle of attack for the instability onset at zero sideslip predicted by the original and modified theory is listed in Table 1 , where N o denotes no instability onset. The ignorance of the vortex core exaggerates the destabilizing effect of the low dorsal fin. 
26.72
• Furthermore, the theory 12 predicts that unlike the case of a slender circular cone, there exist no stationary asymmetric conical vortex solutions for the slender flat-plate delta wing at high angles of attack and zero sideslip. If the stationary symmetric conical vortex pair over the combination of slender conical wing and fin becomes unstable, it is most likely asymmetric and non-conical. The present theory of stability is a linear analysis which assumes that the displacement of the stationary vortices remains small. Once the displacement becomes large, the linear theory can not tell.
IV. Experimental Setup
Wind tunnel testing problems at high angles of attack mentioned in the literature include flow unsteadiness and model vibrations. The problem of flow unsteadiness is minimized by selecting a wind tunnel of large size and high-quality test-section flow. All the tests of this paper are conducted in the NF-3 wind tunnel at the Aerodynamic Design and Research National Laboratory, Northwestern Polytechnical University. The test section has a width of 3.5 m, a height of 2.5 m, and a length of 12 m. The contraction ratio is 11 : 1. The free-stream turbulence level is 0.08% for the wind speeds of 15 ∼ 90 m/s. The variation of the free-stream velocity direction is within ±0.5
• . The variation of the wind speed is within ±0.5 m/s. The measurement accuracy of α and β is within ±0.09
• . The model and its support are made carefully to minimize experimental problems. The wing has a sweep angle of 82.5
• and root chord of c 0 = 990.0 mm. The wing is made of aluminum alloy. In order to have enough longitudinal stiffness, the thickness of 15.0 mm is chosen. The thickness ratio of the root section is 1.5% . It is known that the wing models of Shanks 3 were made of 3.175 mm aluminum alloy. The thickness ratio of the root section of the wing with 82
• sweep angle is 0.16%. However, in Shanks' wing model there was a fuselage-shaped fairing (to accommodate the internal balances) having a maximum height of 0.5 semi-span of the wing and made of 0.8 mm aluminum alloy attached to the upper surface of the wing all way along the root chord of the wing which provided longitudinal stiffness to the wing. Different from the Shanks' wing models, the leading and trailing edges of the present wing are all beveled with a 20
• angle from the windward side of the wing so that the leeward side of the wing is perfectly flat. The dorsal fins are made of 2.0 mm aluminum alloy. The leading edge of the fins is sharpened symmetrically with a 45
• angle from both sides. Two fin heights are chosen: h = 0.3s and 0.6s.
The tip portion of all models from the apex to a station of 160.0 mm along the root chord is separately made for construction reasons. The use of the separate tips is to increase the precision in forming an accurate conical nose as assumed the the theory, since it is known that the flow is sensitive to geometric imperfections in the tip region. The tips are made of aluminum alloy. The main portion of the wing after the tips is common to all models. Care was taken to accurately match the tips with the main part of the wing with and without fin. The wing model is shown in Fig. 4 . The dorsal fin is fixed vertically on the upper surface of the wing in its symmetry plane. The models are made to very close tolerances and have a high surface finish.
The forces and moments are measured about the balance body axes by a six-component internal straingage balance. The balance has a diameter of 36 mm and a length of 230 mm. Because the purpose of this investigation is to determine the force characteristics of the wing and its combinations with dorsal fins, the balance is kept to minimize the aerodynamic influence of the balance to the models. The balance is attached on the lower surface of the wing and very close to the wing trailing edge. The longitudinal axis of the balance is parallel to the root chord of the wing and lies in the symmetry plane of the wing. The center of the balance lies a distance of 36 mm below the upper surface of the wing and the project of the balance center on the wing root chord is located at a distance of 7.5 mm ahead of the trailing edge of the wing. As the wing and balance combination once is setup, it is not changed throughout the entire tests. The fins are fixed in and out without alternating the setup. In consideration of the small size of the balance relative to the test models and its location close to the wing trailing edge, no fairing is implemented to accommodate the balance, except the blunt leading end is covered by a conical plaster to reduce the aerodynamic force on the balance. The internal strain-gage balance is sting mounted rigidly onto the model support of the wind-tunnel test section as shown in Fig. 5 .
The six aerodynamic components acting on the model are measured and referred to the balance body coordinate system OXY Z. The system origin O is set at the center of the balance. The system axis OX lies in the symmetry plane of the model and parallel to the root chord of the wing pointing upstream. The axis OY is parallel to the wing span direction pointing to the right side of the wing. The axis OZ is normal to the upper surface of the wing pointing downward. The three axes OX, OY, and OZ form a right-hand system as shown in Fig. 5 . The three force components along the axes OX, OY, and OZ are the tangential force −F X , side force F Y and normal force −F Z . The three moment components are the rolling moment M X , pitching moment M Y and yawing moment M Z . The balance coordinate system does not coincide with the wing body system. However, their axes are parallel each other.
The measurement range and the measurement uncertainty of the six-component internal strain-gage balance are shown in Table 2 . The uncertainty of the six-component coefficients produced by the balance measurements at the free-stream velocity U ∞ = 25 m/s and 35 m/s are listed in Table 3 . The balance is not specifically designed for the present test. Due to the limitation of its M Y -measurement range, no test is conducted at higher wind speeds. Table 2 Measurement range and measurement uncertainty of the six components. Table 3 Measurement uncertainty of the six-component coefficients. 
V. Experimental Results
All tests are performed at two wind speeds, 25 m/s and 35 m/s. The free-stream Mach number is 0.07 and 0.1, respectively. The Reynolds numbers based on the root chord of the wing Re = 1.66 × 10 6 and 2.33 × 10 6 , respectively. The maximum test angle of attack is 32
• and the sideslip angles are within ±10
• . The aerodynamic interferences produced by the wind tunnel wall and the model support system are small and not considered. The slight deviation of angle of attack and sideslip angle due to the elastic deformation of the strain-gage balance under aerodynamic load is not corrected. To study the repeatability, the force measurements at zero sideslip are repeated for seven times for the wing model at 25 m/s wind speed and for the two wing-fin models at 35 m/s wind speed. The three longitudinal components of the seven repeat runs are shown in Figs. 6 and 7 for the three models. The data repeatability is estimated by reviewing the seven repeat runs and is presented in Table  4 . The magnitudes of the longitudinal data repeatability are of one order greater than those of the balance uncertainty. (See Table 3 .) The non-zero magnitude of the data repeatability is intrinsic to the vortex flow. It is known that the vortex has a meandering behavior although the tunnel is operating under steady conditions. 13 However, the longitudinal forces and moment can be considered steady, because the magnitude of the data repeatability is relatively small. It is seen that the data repeatability of the wing model is poor in comparison with that of the wing-fin models, because the wing model unlike the win-fin models, lacks the additional longitudinal stiffness provided by the fin. Figure 8 presents the lift coefficient, drag coefficient and pitching-moment coefficient versus angle of attack at zero sideslip for the three models of = 7.5
• , Re = 1.66 × 10 6 and 2.33 × 10 6 . In case of seven repeat runs, the result lying in the mean position is chosen. A comparison with the Shanks' results 3 is included in the figure. The Shanks' wing model was a thin flat plate with round leading edge and a semiapex angle of 8
• and had a fuselage-shaped fairing to accommodate the balances on the upper surface. Shanks' test was performed at Re = 2.05 × 10
6 . Fig. 8 shows that C L of the present wing+0.6s fin model is nearly equal to that of the Shanks' wing. C D of the wing+0.6s-fin model is larger than that of all other models, since it has the largest skin area. C m of the present three models are lower than that of the Shanks' wing. The aerodynamic center of the present models and the Shanks' model is 50%c and 45%c, respectively. The deviation in C m may be caused by the different locations of the attached internal balances between the two models. Though there are some geometric differences between the present models and the Shanks', their longitudinal forces and moment referred to the same coordinate system are nearly the same. The good agreement in the longitudinal three components provides a verification for the present test data. It is seen from Fig. 8 that the Reynolds number tested in the present study has little effect on the longitudinal three components.
It is noted that the lift lines, C L (α) in Fig. 8 are nearly straight up to α = 32 • considered. It indicates that no vortex breakdown appears on the wing in the present test. This indication is supported by others' work. Shanks 3 showed that the maximum lift coefficient occurs at α = 35
• for the wing of = 8
• . Stahl et al. 6 for the wing of = 8
• observed no vortex breakdown at the trailing edge of the wing when α = 30
• , and observed a vortex breakdown at the trailing edge when α = 35
• , at Re = 3.4 × 10 5 using a smoke flow-visualization technique.
B. Lateral Force and Moments vs. α, β = 0
The measured six-component data are referred to the balance body system of axes, OXY Z. (See Fig. 5 .) The balance body system differ from the wing body system in that the origin of the balance body system is set at the balance center rather than at the 40.0%c point of the wing. This does not affect what follows. The lateral component data of Shanks 3 were referred to the wing body system of axes originating at 40% of the mean aerodynamic chord, and were presented versus β at various α. No direct comparison with Shanks' results is made for the lateral components.
Sideslip angle is set to be zero in this subsection. Since the three models are symmetric in geometry, the lateral three components should be zero if symmetric flow remains stable, and would be non-zero when and only when the symmetric flow becomes unstable.
The original lateral three-component data at zero sideslip from the seven repeat runs are first presented and analyzed. The maximum test angle of attack is 32
• , same as the longitudinal case. In this range of angle of attack, no vortex breakdown is found on the wing as shown in the study of the longitudinal data. (See Fig. 8 .) Figures 9 and 10 present the results of the seven repeat runs for the side-force, yawing-moment and rolling-moment coefficients versus angle of attack at zero sideslip for the wing model at Re = 1.66 × 10 6 and for the wing+0.3s-fin model and wing+0.6s-fin model at Re = 2.33 × 10 6 , respectively. It is seen that the repeatability for the side force coefficient C Y (α) is poor in comparison with the other two lateral components, C n (α) and C l (α). In order to avoid a transfer of the poor repeatability of the side force to the other lateral components, the lateral data are not converted to the conventional wing body system as stated above.
A comparison of C Y (α) for the three models shows an important difference between them. The mean value of the seven repeat-test data of the side force coefficient versus angle of attack remains nearly zero throughout the entire range of the angle of attack for the wing model. For the two wing-fin models, the mean value of C Y is zero at low angles of attack but becomes non-zero starting from a certain high angle of attack. It is seen from Fig. 10 that the wing+0.3s-fin model experiences a force-asymmetry onset at α = 26
• , the wing+0.6s-fin model experiences a force-asymmetry onset at α = 22
• . Moreover, for the wing+0.6s-fin model the data of C Y (α) start to be switched to opposite sign and become erratic with growing magnitude at a further high angle of attack of α = 30
• . The data are no more repeatable, and the side force can no longer be considered steady. Thus, the wing+0.6s-fin model induces a force-unsteadiness onset at α = 30
• . Similar features are observed for both C n (α) and C l (α). It is important to note that throughout the entire range of the angle of attack, the lift coefficient C L (α) remains nearly a straight line without vortex breakdown on the wing.
However, unlike C Y (α), C n (α) and C l (α) do not remain zero as α is increased from zero, for the wing model. Their curve is nearly a straight line passing through the origin with a negative (non-zero) slope. For the two wing-fin models, C n (α) and C l (α) are also non-zero before the side-force-asymmetry onsets. It is noted that the straight line portion of C n (α) for the two wing-fin models is nearly coincided with each another and also with that of the wing model, and the straight line portion of C l (α) for the the two wingfin models is also nearly coincided with that of the wing model. Evidently, there exists an interference of the normal force with the two lateral moments. The interference may be caused by an inaccuracy in the experimental setup of the model and balance combination. In the present experimental setup, the symmetry plane of the wing may not exactly coincide with the balance coordinate plane XOZ. Thus, the normal force which lies in the symmetry plane of the wing may not lie exactly in the balance plane XOZ, and produce an interfering lateral moments about the balance axes OZ and OX. Since the model and balance combination setup is common in the three models and the normal forces are nearly equal for the three models at the same angle of attack, the interfering lateral moments are almost the same for the three models at a given angle of attack.
The interference of the normal force to C n (α) can be eliminated by the following steps:
1. Calculate the dimensionless yawing-moment arm for the normal force based on the wing span b
where C n (α) and C N (α) are read from the original-measurement data;
2. Determine the symmetry-flow range of α before asymmetry onset, if any;
3. Take the average of κ n over the symmetry-flow range of α to obtain κ n ;
4. The corrected C n (α) over the entire range of α is obtained as follows, Similar procedures are used to correct the measured C l (α), where a dimensionless rolling-moment arm for the normal force based on b, κ l (α) = C l (α)/C N (α) and its average over the symmetry-flow range of α, κ l are introduced. As an example, the correction for the run-one data is presented. Table 5 gives the dimensionless moment arms, κ n and κ l versus α based on the wing span b for the three models, where N/A denotes not available because of no test is conducted at this angle of attack, and the underlined number denotes the appearance of sharp change for κ n and κ l at this angle of attack.
The sharp change of the dimensionless moment arms marked by the underline in Table 5 shows that at this angle of attack, besides the interfering lateral moments a real non-zero lateral moments acting on the model start to appear, i.e., a force-asymmetry onset occurs. From examining the magnitude of κ n and κ l versus α in Table 5 , it is found again that the wing+0.3s-fin model experiences a force-asymmetry onset at α = 26
• and the wing+0.6s-fin model experiences a force-asymmetry onset at α = 22
• , while the wing alone experiences no force asymmetry. The exact force-asymmetry-onset angle-of-attack is obviously a matter of experimental judgment. However, it is fairly clear in the present investigation. It is seen that the dimensionless yawing-moment arms is nearly a constant of −0.03 and the dimensionless rolling-moment arms is nearly a constant of −0.1 for all three models at all angles of attack before force asymmetry onsets, if any. This is due to the fact that the three models share the common experimental setup of the wing-balance combination. The rest of the seven repeat tests have the same features.
According to the steps listed above, the corrected yawing-moment and rolling-moment coefficients of the seven repeat runs versus angle of attack at zero sideslip for the wing model at Re = 1.66 × 10 6 , wing+0.3s-fin model and wing+0.6s-fin model at Re = 2.33 × 10 6 are calculated and shown in Fig. 11 . Now, same as the side force of the original experimental data shown in Figs. 9 and 10, the corrected lateral moments C n and C l are nearly zero over the entire range of α for the wing model, and remain zero before the force asymmetry onsets for the two wing-fin models. The above correction method may be considered justified.
The lateral three-component data are repeatable before force unsteadiness onsets. Table 6 gives the lateral-data repeatability for the three models before force unsteadiness onsets. The magnitude of the lateraldata repeatability is greater than the magnitude of the balance uncertainty by one order of magnitude (See Table 3 ) and is caused by the intrinsic meandering behavior of the vortex flow. However, the magnitude of the lateral-data repeatability is small in comparison with the lateral data themselves after the force asymmetry onsets, and thus, the force can be considered as steady until the force unsteadiness onsets. The wing model has poor repeatability in comparison with the two wing-fin models, because the wing alone has less longitudinal stiffness. Moreover, for all the three models, the side force has poor repeatability in comparison with the other two lateral components. Table 6 Lateral data repeatability before force-unsteadiness onset. It is noted that after force-asymmetry onset, the three lateral components in every repeat run share the same sign. The side force and the yawing moment for the wing-fin models are mainly produced by the fin and they have the same sign. The rolling moment is produced by both the fin and the wing and their contributions have the opposite sign. In the present cases, the fin has larger contribution and, thus, the rolling moment shares the same sign with the side force. The sign variation of the three lateral components versus angle of attack for the wing-fin models is consistent with one another in consideration of that they are referred to the balance body system originating at the balance center. For example, if C Y is changed from positive to negative at certain angle of attack, so are C n and C l at the same angle of attack.
Asymmetry onset for a symmetric body at zero sideslip is a bifurcation phenomenon. There exists an another solution mirror-imaged to the present solution. In the present tests, the three lateral components C Y , C n and C l for the wing-fin models at the force asymmetry onset, all change from zero to positive as the angle of attack is increased. The change can be in the opposite direction. Which solution of the bifurcation occurs is determined by the slight asymmetric disturbances existing in the experimental setup and the free-stream flow.
C. Lateral Force and Moments Induced by Fin vs. β
In this subsection, the force-asymmetry onset of the wing-fin models is investigated experimentally by another method. The variation of the three lateral components versus angle of sideslip at a series of angle of attack are measured by the six-component internal strain-gage balance. The test range of the sideslip is from −10
• to 10
• with an increment of 2
• . The test range of the angle of attack is same as above. Only yawing and rolling moments are considered. Since their repeatability is good, no repeat tests are conducted for this investigation. The curve of each lateral component versus sideslip at constant angle of attack is nearly a straight line in the vicinity of zero sideslip and thus, provides a credible value for the lateral component at zero sideslip and various angles of attack.
As shown in the last subsection, there exists an interference of the normal force with the yawing and rolling moments about the balance coordinate axes in the present experimental setup. The interfering yawing moments for the three models are nearly equal at a given angle of attack, and the same is true for the interfering rolling moments. Thus, the interfering lateral moment for a wing-fin models at each angle of attack can be eliminated by a subtraction of the originally measured lateral moment of the wing model from the corresponding one of the wing-fin model. This subtraction results in a real increment of the lateral component due to adding the fin to the wing. In this subsection, the increment of the lateral moments produced by the fin versus sideslip angle at various angles of attack is studied instead of the lateral moments themselves. The increment of the side force is not studied because of the poor repeatability of the side force, especially for the wing model, as shown in last subsection.
Figures 12 and 13 present the increment of yawing-moment and rolling-moment coefficients produced by adding the 0.3s-fin and 0.6s-fin to the wing, respectively. Re = 1.66 × 10 6 and 2.33 × 10 6 . Only five angles of attack and the range of β = −2
• to 2
• are shown in the figures for clarity. For the wing+0.6s-fin model, the data at β = ±2
• and Re = 2.33 × 10 6 are missing because the appearance of strong model vibrations prohibits the measurements.
From Figs. 12 and 13, the angle of attack at which ∆C n (β) and ∆C l (β) at β = 0 start to be non-zero is the asymmetry-onset angle-of-attack. The results fairly confirm the force-asymmetry-onset angle-of-attack determined in last subsection. It is noted that the Reynolds numbers considered in the present tests have little effect on the results.
VI. Comparison of Experimental and Theoretical Results
The theory is a linear analysis. It predicts instability onset of the stationary symmetric vortex pair over the wing alone model and the two wing-fin models under small perturbations in Section III. The force- asymmetry onset for the two wing-fin models found in this experiments clearly indicates that the vortex pair separated from the leading edge of the wing can no longer be symmetric and has to be changed from symmetric to asymmetric. Therefore, the force-asymmetry-onset angle-of-attack observed by the present experiments could be comparable with the instability-onset angle-of-attack predicted by the theory. The experimental results of the angles of attack for force-asymmetry onset and force-unsteadiness onset (if any) for the three models at zero sideslip are summarized in Table 7 , where N o denotes no onset and N/A denotes not available due to the limited range of the test angle of attack. The theoretical predictions from Table 1 are included in Table 7 for comparison. The experimental force-asymmetry-onset angle-of-attack and the theoretical instability-onset angle-of-attack are in good qualitative agreement, but significantly different in magnitude. The result of the original theory are consistently lower than that of the experiment, whereas that of the modified theory are consistently higher than that of experiment. The quantitative disagreement may be attributed to the simplifications made in the theoretical model for the mathematical analysis. 
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• Besides predicting instability onset, the theory predicts that there exists an angle of attack below which the two dorsal fins considered have no effect at all on the stability of the stationary symmetric vortex pair over the original wing. This angle of attack is 20
• from the modified theory. This is verified since the experimental force-asymmetry-onset angle-of-attack for the two wing-fin models is greater than 20
• . Using a smoke-laser-sheet visualization technique, Meng et al.
8 studied the vortex flow over a sharpedged flat-plate delta wing having the same semi-apex angle as the present model with a dorsal fin of height 0.75s or 1.50s at a fixed angle of attack of α = 29.02
• and β = 0. It was observed that the vortex flow over the wing-alone model and the wing+1.50s-fin model is symmetric, conical and steady; and the flow over the wing+0.75s-fin model is asymmetric, non-conical and unsteady. No visualization study is conducted for the present wing-fin models. However, based on the observations of Ref. 8 , it is conjectured that the vortex flow over the present wing+fin models at zero sideslip remains symmetric, conical and steady at angles of attack before the force-asymmetry onset; becomes asymmetric and/or non-conical but still steady at angles of attack between the force-asymmetry onset and force-unsteadiness onset; and becomes asymmetric, non-conical and unsteady at angles of attack after the force-unsteadiness onset.
VII. Conclusions
The measurements using a six-component internal strain-gage balance show that when a flat-plate dorsal fin of low height is added in the symmetry plane of a 82.5 degrees swept and sharp-edged flat-plate delta wing, an asymmetry onset in force occurs at a high angle of attack and zero sideslip, whereas no force-asymmetry onset is found for the wing-alone model in the same test range of angle of attack up to 32 degrees. Two fin heights are tested. The ratios of the local fin height to the local semi-span are 0.3 and 0.6, respectively. The higher the fin is, the lower the angle of attack at which the force asymmetry occurs is. These experimental findings clearly validate the predictions of the instability of the stationary symmetric vortex pair over slender As angle of attack is increased beyond that of force-asymmetry onset, the measurements depict that a force-unsteadiness onset occurs before vortex breakdown reaches the wing for wing-fin model. Beyond the angle of attack of the force-unsteadiness onset, the lateral three components become erratic and switch to opposite sign with growing magnitude. This force development is believed to be caused by an asymmetric, non-conical and oscillating disposition of vortices off the sharp leading edges of the wing at zero sideslip.
The measured longitudinal-components versus angle of attack at zero sideslip agree well with the data of Shanks (1963) . The angles of attack for force-asymmetry onset and force-unsteadiness onset (if any) are determined by analyzing the measured lateral-components versus angle of attack at zero sideslip and verified by studying the increment of the measured yawing-and rolling-moments due to fin versus sideslip angle at various angles of attack. The experimental and theoretical results of the angles of attack for the force-asymmetry, or instability onset versus the fin height are in good qualitative agreement but significantly different in magnitude. The quantitative difference may be attributed to the simplifications made in the theory.
The measured longitudinal-components are repeatable and steady in the entire range of the test angle of attack at zero sideslip for the wing and wing-fin models, and so are the measured lateral-components for the wing model but not so for the wing-fin models. For the wing-fin models, the measured lateral-components are repeatable and steady only when angle of attack is below that for force-unsteadiness onset. The angle of attack for the force-asymmetry onset and force-unsteadiness onset is independent of the test Reynolds number (1.66 × 10 6 ∼ 2.33 × 10 6 based on the root chord of the wing). The paper provides by the first time direct force-measurement evidence of the theoretical predictions and confirmation that the absolute-type instability studied by the theory could be the origin of asymmetry of vortices over slender conical fore-bodies, and depicts the development of force-unsteadiness onset with increase of angle of attack at zero sideslip after force-asymmetry onset but before vortex breakdown on a wing-fin model.
